INTRODUCTION
============

Polymethyl methacrylate (PMMA) is considered to be the most commonly used material in the field of prosthodontics. It has achieved great success when used for denture base because it is simple in manufacturing, economical, and light in weight. However, one of the drawbacks of PMMA acrylic resin denture base is the low strength, including low impact strength and low fatigue strength.[@B1][@B2]

Many trials have been done to improve the strength of acrylic denture bases with the use of metal wires and cast metal plates.[@B3][@B4] The main drawback with adding metal wire is weak bond between the wire and resin, which leads to insignificant change of mechanical properties. Although metal plates are expected to increase the strength, they are expensive and liable to corrosion.[@B3][@B4]

Other trials have been also done to strengthen acrylic resin materials with either chemical modification with grafted co-polymers and stronger cross linkage or by introducing various organic and inorganic reinforcing fibers into them. Metal, Kevlar, glass, sapphire, polyester, carbon graphite, and rigid polyethylene are substances used for fiber strengthening.[@B1][@B4][@B5][@B6]

Although the inclusion of the fibers produced encouraging results, this method has various problems including tissue irritation, increased production time, difficulties in handling, the need for precise orientation and placement, and bonding of the fibers within the resin.[@B7] In the case of metal inserts, failure due to stress concentration around the embedded inserts has been reported.[@B8] The incorporation of ceramic particles in various dental materials has been studied and found to be biocompatible and improving mechanical properties.[@B9][@B10][@B11][@B12][@B13] In addition, due to itswhite color, ceramic powder is not expected to compromise aesthetic appearances. [@B14][@B15] However, reinforcement methods should not have undesirable effects on the mechanical properties of denture materials. The roughness of acrylic resin surfaces is a critical property because surface irregularities increase the possibility of the retention of microbes on the denture surface after its cleaning.[@B16][@B17] Another property that can have an effect on the surface properties of acrylic resins is the hardness, which is an indication of the simplicity in finishing the material and its resistance to in-service scratching.[@B18]

The halloysite (Al~2~Si~2~O~5~(OH)~4~·2H~2~O) differs from micron-sized fibers/whiskers as it is formed of nano-sized crystals (tubes). The halloysite nanotube (HNT) has a hollow/tubular structure that is formed of two layers of aluminosilicate. [@B19][@B20] Halloysite has many advantages over many other nano-sized fillers (such as carbon nanotubes/nanofibers) since it is a naturally occurring mineral and is easy to purify. Accordingly, HNTs are present in plenty amounts and are economical.[@B21] Additionally, halloysite is harmless, biocompatible, and can be simply processed.[@B19][@B21] The diameters of HNTs are approximately in tens of nanometers, and the lengths are in the range from \~200 nm to 1-2 µm.[@B20]

The chemical properties of the outer surface of HNTs are close to SiO~2~, while those of the inner surface are close to Al~2~O~3~. Nano-sized crystals of HNTs have a high degree of structural perfection and the related superior mechanical properties; for example, the Young\'s modulus of HNTs is expected to be in the range of 230-340 GPa, which is very close to that of imogolite nanotubes.[@B22][@B23] Furthermore, halloysite has a unique characteristic as it is quite easy to be split into separate HNTs and to be evenly distributed in dental matrices. This is different from layered silicates (such as montmorillonite), which are difficult to completely peel into nano-sized silicate layers and to uniformly spread in dental matrices. The splitting is due to much larger distance between clustered HNTs in halloysite than that between silicate layers in montmorillonite. Accordingly, the interactions between HNTs is significantly lower than those between silicate layers in montmorillonite.[@B24]

Therefore, this study aims to investigate the effect of incorporating HNTs into PMMA resin on the resin\'s mechanical properties regarding flexural strength, hardness, and Young\'s modulus. The null hypothesis was that HNTs addition to PMMA resin would not interfere with its mechanical properties.

MATERIALS AND METHODS
=====================

A conventional heat-cured resin (Acrostone; Acrostone Dental factory, under exclusive license of England, Egypt) was used as a matrix component and the as-received halloysite powder (Sigma-Aldrich Co., St. Louis, MO, USA) as a reinforcing agent. For each test, 40 specimens were prepared. The specimens were categorized into four groups (n = 10) coded A to D. Group A was the control group (unmodified acrylic resin specimens). The specimens of the remaining three groups (B-D) were modified with addition of halloysite powder to attain ratios of 0.3, 0.6 and 0.9 wt%.

In accordance with the studies by Ellakwa et al.,[@B8] and Sehajpal and Sood,[@B25] halloysite powder was mixed with resin powder and liquid monomer in order to obtain an equal distribution of filler within the polymer matrix. The halloysite powder and acrylic powder were thoroughly mixed using a mortar and pestle for initial mixing and blending, followed by hand tumbling in a plastic jar until an even color was obtained. The resin powder was then mixed with monomer in a ratio of 2:1 by volume in a mixing jar with a tightly fitting lid.

Specimens were prepared using stone molds made by investing stainless steel rectangles sized 65 mm × 10 mm × 3 mm and releasing the rectangles after stone setting.[@B8][@B9][@B15] The acrylic specimens were prepared by packing the acrylic resin into the stone molds present in denture flasks and curing them for 9 hours at 73.89℃. The cycle was completed by boiling for an extra 30 minutes. The rectangular resin specimens were then removed from the flask. After removing flask and trimming the edges, the specimens were ground with 320-grit silicon carbide paper to obtain polished surfaces. The specimens were stored in water at 37℃ for 7 days before performing the flexural strength test. The flexural strength was measured using a three-point bending test in a universal testing machine (Lloyds, LRX, Lloyds Instruments, Hampshire, UK) at a crosshead speed of 5 mm/min. Specimens were loaded until fracture occurred.

From the stress-strain curve, the flexural strength (FS) and Young\'s modulus (E) could be calculated. The value of E was the slope of the linear portion of the stress-strain curve, expressed as the ratio of stress/strain. The calculation of FS (in MPa) and E (in GPa) was guided by the formulae: [@B26][@B27][@B28]

Where; F is the maximum load at the point of fracture (in N), L is the span (in mm), w is the width of the specimen (in mm), and h its height (in mm), while P/Y is the slope of the linear part of the stress-strain curve within the elastic portion.

For Vickers testing, a separate group of specimens was prepared in molds obtained by investing stainless steel rectangles (12 mm × 12 mm × 3 mm) within flasks.[@B29] The liquid and powder were mixed in a predetermined ratio and modified with halloysite powder as mentioned earlier in the specimen preparation. The mixed resin was then packed into the molds. The specimens were polymerized using a long polymerization cycle followed by 30-minute boiling. After polymerization, the specimens were visually examined for having smooth surfaces without voids or porosities.The specimens were manually wet-polished in a circular motion with a sequence of 600-grit, 800-grit, 1000-grit, and 1200-grit silicon carbide papers. To determine Vickers values, a load of 30 g was applied for 30 seconds on the specimens using a digital hardness tester (Otto Wolpert, Werke, Ludwigshafen, Germany). Each specimen was subjected to three indentations (one at the center and two at the borders), and the average value was calculated for each group from A to D.

RESULTS
=======

The mean and standard deviation values for flexural strength, surface microhardness, and Young\'s modulus are presented in [Table 1](#T1){ref-type="table"}. One-way analysis of variance identified significant differences between the mean values of both flexural strength (*P* = .018) and surface microhardness (*P* = .000) of the tested groups, while the Young\'s modulus mean values showed no significant difference (*P* = .647). Tukey test showed that there was no statistically significant difference in flexural strength values (*P* \> .05) between the tested groups and the control group (no addition). There was also no significant difference in flexural strength values (*P* \> .05) between the 0.6%(w/w) halloysite nanotubes added acrylic resin group and 0.9% group. The 0.3%(w/w) halloysite nanotubes addition to acrylic resin increased the flexural strength values significantly in comparison to either 0.6% or 0.9% groups. Both 0.6% and 0.9% groups showed significant decrease in microhardness values when compared to either the control group or 0.3% group. The addition of 0.3%(w/w) halloysite nanotubes to acrylic resin significantly increased the resin\'s microhardness values in comparison to the control group. The Young\'s modulus values of 0.3% group showed a slight increase in comparison to those of all the other groups. However, this increase was not statistically significant. The Young\'s modulus values of 0.6% and 0.9% groups did not show a significant decrease when compared to those of the control group.

DISCUSSION
==========

This study primarily aimed to investigate the probable method for the enhancement in the mechanical properties of PMMA, especially in the flexural strength, surface microhardness, and Young\'s modulus, through incorporating halloysite nanotubes.

It was shown that incorporating 0.3 wt% of untreated halloysite nanotubes to a conventional heat-cured resin could improve the mechanical properties of PMMA without additional processing steps. Therefore, dentures manufactured this way would not require a lengthy procedure, and the material\'s regular use in dental laboratories would be encouraged due to its low cost and ease of handling and processing.[@B1]

The results illustrated that the addition of small mass fraction (0.3 wt%) of HNTs into PMMA resin could result in a significant improvement of hardness values but neither in flexural strength nor Young\'s modulus values. The followings were the possible causative factors: (1) the HNTs that were strongly adhered to the resin reinforced the resin and accordingly enhanced the flexural strength, (2) the Young\'s modulus of HNTs was higher than that of the resin, resulting in an overall increase, and (3) the HNTs that were not strongly adhered to the resin could be scattered or dissociated during the load application; this produced frictional force that permitted stress distribution across the matrix cracks, increasing the material resistance to indentation (i.e., hardness).[@B30]

In contrast, PMMA resin modified with either 0.6 or 0.9 wt% of the HNTs had flexural strength, hardness, and Young\'s modulus values, which were lower than those of the control specimens. These results illustrated that the efficient strengthening would not be obtained at high percentage of HNT incorporation. This may be possibly due to the development of HNT clusters, which could result in mechanical weak points (structural defects). The presence of such clusters would adversely affect the mechanical properties of the dental resin strengthened with HNTs. Other possible explanations for the lower values could be: a reduction in the cross section of the load-bearing polymer matrix; an increase in the amount of filler particles which increases the stress concentration; changes in the modulus of elasticity of the resin and mode of crack propagation through the specimen due to an increased amount of fillers; formation of voids by moisture or entrapment of air; incomplete wetting of the fillers by the resin; and the HNTs; behavior as an intervening factor in the integrity of the polymer matrix.[@B31][@B32][@B33]

These results are similar to those of Vojdani et al.,[@B34] who investigated the effects of adding 0.5-5 wt% aluminum oxide (Al~2~O~3~) powder on the flexural strength and surface hardness of a conventional heat-cured acrylic resin and found that 2.5 wt% Al~2~O~3~ powder addition significantly increased its flexural strength and hardness. The results are also similar to those of Chen et al.,[@B30] who found that incorporation of small percentage (1% and 2.5%) of the silanized HNTs in Bis-GMA/TEGDMA dental resins/composites increased the mechanical properties effectively. Nevertheless, large percentage (5%) of incorporation did not further enhance the mechanical properties. Accordingly, the results of this study rejected the null hypothesis since the introduction of small percentage of HNTs into PMMA resin affected its mechanical properties.

CONCLUSION
==========

Within the limitations of this study, the following results were obtained:

Incorporation of small percentage (0.3 wt%) of HNTs into PMMA resin produced a significant increase in hardness values while the flexural strength and Young\'s modulus values did not show a significant increase compared to the control group.

High-percentage incorporation of HNTs (0.6 or 0.9 wt%) into PMMA did not show a significant decrease in both flexural strength and Young\'s modulus values compared to the control group or small-percentage incorporation. However, hardness values significantly decreased in comparison to both groups.

###### Mean (standard deviation in parentheses) of mechanical properties of acrylic resin with halloysite nanotubes incorporation and Tukey\'s analysis
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  -------------------------------------------------------------------------------------------
  Group                     Flexural strength\   Surface microhardness\   Young\'s modulus\
                            (MPa)                (VHN)                    (GPa)
  ------------------------- -------------------- ------------------------ -------------------
  Acrylic (control)         95.77 (12.7)^abc^    29.94 (1.55)^a^          4.45 (1.04)^a^

  Acrylic-0.3% (w/w) HNTs   103.05 (9.90)^ab^    33.43 (3.03)^b^          5.01 (1.92)^a^

  Acrylic-0.6% (w/w) HNTs   73.84 (10.8)^ac^     27.63 (1.44)^c^          3.88 (0.64)^a^

  Acrylic-0.9% (w/w) HNTs   71.19 (10.7)^ac^     27.48 (1.41)^c^          3.85 (1.02)^a^
  -------------------------------------------------------------------------------------------

Results with the same superscript letters are not significantly different (*P* \> .05).
